Here, we present the first systematic study on the temperature dependence of the extension of the superconducting proximity effect in a 1-2 atomic layer thin metallic film, surrounding a superconducting Pb island. Scanning tunneling microscopy/ spectroscopy (STM/STS) measurements reveal the spatial variation of the local density of state on the film from 0.38 up to 1.8 K. In this temperature range the superconductivity of the island is almost unaffected and shows a constant gap of a 1.20 ± 0.03 meV. Using a superconducting Nb-tip a constant value of the proximity length of 17 ± 3 nm at 0.38 and 1.8 K is found. In contrast, experiments with a normal conductive W-tip indicate an apparent decrease of the proximity length with increasing temperature. This result is ascribed to the thermal broadening of the occupation of states of the tip, and it does not reflect an intrinsic temperature dependence of the proximity length. Our tunneling spectroscopy experiments shed fresh light on the fundamental issue of the temperature dependence of the proximity effect for atomic monolayers, where the intrinsic temperature dependence of the proximity effect is comparably weak. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. Recent advances in nanofabrication and nanocharacterization renewed the interest in the socalled superconducting proximity effect due to the possibility to examine this effect at nanoscales.
Spatial variations of the DOS in the M are accessible experimentally by scanning tunneling microscopy and spectroscopy (STM/STS) with high energy and spatial resolution. This technique has been exploited to study and to visualize the proximity effect in Pb films surrounding superconducting Pb nanoislands on Si(111) substrates. [6] [7] [8] Thermal energy drives a Cooper pair breaking 12 for the induced superconductivity in M, hence inducing a shorter PL for increasing temperature. A 1/T 10,13,14 and 1/ √ T 10,13,14 temperature dependence of the proximity length is predicted for ballistic and diffusive systems, respectively. However, no experiments have been reported so far which scrutinize these prediction from theory on the nanoscale.
In this Letter we report experimental results on the temperature dependence of the proximity length at a S-M junction by spatially-resolved STS measurements. Our system consists of superconducting Pb islands on a 1-2 atomic layers thin metallic Pb/Ag wetting layer (WL) on Si(111). The experiments are performed with both metallic W and with superconducting Nb tips. a Electronic mail: sander@mpi-halle.mpg. de Measurements with a W-tip show an apparent decrease of the PL with increasing temperature. However, experiments with a Nb-tip reveal a constant PL of 17 ± 3 nm in the temperature range 0.38-1.8 K. Our analysis suggests that thermal broadening of the occupation of electronic states of the tip is responsible for the observed temperature dependence found for the metallic tip, and this can be misinterpreted as the temperature dependence of the PL. We ascribe the observation of a constant PL to the highly diffusive character of the ultrathin metallic Pb/Ag layer, where scattering at the interfaces plays a dominant role, and intrinsic temperature effects are comparably weak. Our results identify the crucial role of the tip material for STM applications in the study of temperature effects in superconductivity.
All experiments presented here were performed under ultrahigh vacuum with a 3 He-cooled STM (for description see Ref. 9 and 15) . For STM/STS measurements electrochemically etched W and Nb-tips were used. The tunneling conductance spectra (dI/dV ) were acquired using a lock-in technique with a RMS modulation amplitude of 20 µV at frequency of 270 Hz.
The Pb/Ag/Si(111) sample was prepared in-situ by subsequent evaporation of Ag and Pb on the Si(111)-7 × 7 substrate (details of the preparation can be found in Ref. 15) . A non-superconducting two atomic-layer thin WL was obtained by subsequent deposition of Ag at 770 K, followed by room temperature deposition of Pb on the Si(111) substrate. Pb islands were prepared by evaporation of Pb onto the WL at 240 K, without further annealing. Figure 1 (a) presents a 3D image of a constant-current STM image of a 11 monolayer (ML) high Pb island on the Pb/Ag wetting layer. Here, 1 ML corresponds to a layer thickness for Pb(111) of d Pb(111) = a Pb / √ 3 = 0.286 nm.
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In order to characterize the superconductivity of the Pb island we measure the differential conductance spectra (dI/dV ) as a function of temperature [ Fig. 1(g ) for 0.38 K and 1. 8 K] close to the island edge [black circle in Fig. 1(a) ], and we extract the values of the superconducting gap ∆ island (T), as shown in Fig. 1(b) , from a fit of the differential conductance. 17 From this analysis we extrapolate an energy gap at 0 K of ∆ island (0) = 1.24 ± 0.03 meV and a critical temperature of T C = 6.4 ± 0.1 K. These values are in good agreement with previous studies on superconducting Pb islands. 7, 8, 18, 20, 21 To study the temperature dependence of the superconducting proximity effect, we measure differential conductance spectra as a function of position from the Pb island into the WL for different temperatures from 0.38 to 6 K. Spectra taken with the superconducting Nb-tip show [ Fig. 1 (h)] a wider gap and two sharp and intense peaks at bias V peak = ±2.6 meV. This spectral shape is spatially uniform on the island and it is ascribed to tunneling between two superconductors, tip and sample. The peaks identify therefore a BCS density of states with a width given by the sum of two energy gaps E peak = ±(∆ tip + ∆ island ). 12, 22 Close to the S-M interface, we observe a proximity region where the spectra evolve from a broad gap (∆ tip + ∆ island ), to the spectra characterized by a narrower gap ∆ tip , ascribed to the superconducting tip [green line in Fig. 1 shows the superconducting gap ∆ island as a function of temperature; the solid red line is a fit from the BCS density of states. 16 ∆ island is obtained by fitting the dI /dV by the Dynes function, 17 which combines a BCS density of states with a life-time broadening parameter Γ. An additional broadening due to voltage modulation and instrumental effects is considered by a convolution with a Gaussian function of width σ. 8, 18 Color-coded spatial dependence of the normalized differential conductance spectra, measured from the Pb island to the WL at 0.38 K and 1. temperatures. Up to 2.3 K, the NZBC on the island remains close to zero. With increasing temperature, the NZBC in the island reaches the value of 0.75 at 6 K. For all measurements the NZBC remains constant in the island up to the edge, and it increases monotonically on the WL side. The variation of the NZBC with position changes with temperature. We extract the PL from NZBC(x) by fitting an exponential function A + Be −x/γ NZBC exp . 9 We plot the decay constant γ NZBC exp as a function of temperature in Fig. 2(b) . Starting from 21 ± 2 nm at 0.38 K, γ NZBC exp decreases monotonically with temperature towards γ NZBC exp = 3 nm at 6 K. Interestingly, γ NZBC exp decreases steeply by a factor 4 in the temperature range 0.38-2.3 K, where both the NZBC at the island edge and ∆ island remain fairly constant.
Why does the induced superconductivity in the WL decay, while ∆ island of the superconducting Pb island is almost constant? For the first time this phenomenon was discussed theoretically by de Gennes and co-workers. 10, 13, 14 In the framework of this theory Cooper pairs can penetrate the metal over a distance which depends on several factors: the atomic order, presence of impurities in the metal, and temperature. This semi-classical picture has been widely used in literature to account for the observed phenomena in literature. 1,2,4,5, 7, 8, 23, 24 In 'clean' metals, i.e. no impurities, Cooper pairs sustain a diffusion over the thermal coherence length ξ M,C = ν F /(2πk B T) (ν F -electron velocity at the Fermi energy). 13 In presence of impurities or due to a high degree of disorder, scattering processes limit the penetration length of the Cooper pairs. In this case, the mean free path of electrons l is shorter than ξ M,C , and this is called the 'dirty limit', and the proximity length in M is given by
13,14
The quantitative analysis of the T-dependent data of Fig. 2(b) by a fit of A + B/T κ , where κ is a fitting parameter, gives κ = 0.55 ± 0.07, which points to the 1/ √ T dependance. One might be tempted to conclude that electron diffusivity is the decisive factor determining the PL in case of our experiments. If this was a valid statement, then we should observe the same behavior for measurements with a superconducting tip. However, measurements performed with a superconducting Nb-tip [Figs. 1(d) and 1(f)] show a completely different dependence, which questions this conclusion.
The analysis of the results obtained with the superconducting tip is based on the spatial variation of the peak energy E peak 8 [ Fig. 3(a) ], as here the NZBC remains constant at zero, due to the superconducting tip. E peak remains constant within the island area for both temperatures. Moving away from the island, the peak energy E peak changes with increasing distance from the island edge, and it reaches 1.6 meV at the distance of 40 nm. Fitting with the exponential function gives approximately the same value of γ peak exp = 17±3 nm for both temperatures. This result differs from that obtained for the corresponding analysis for the metallic W-tip [ Fig. 3(b) ], where a pronounced change of the decay constant with temperature is observed. Our analysis for the W-tip gives γ peak exp = 16.8 ± 2.6 nm and 12.0 ± 3 nm at 0.38 K and 1.8 K, respectively. A comparison of the decay constant for both tips is presented in Fig. 3(c) . Studies with the superconducting tip show no clear temperature effect in the temperature range where measurements with a W-tip suggest erroneously a strong temperature dependence of the proximity length. This behavior suggests that the intrinsic effect of the temperature on the PL may be disguised by a tip effect. We ascribe the observed 1/ √ T behavior of the PL in measurements with a metallic W-tip to thermal broadening affecting the occupation of electronic states in the tunneling process with a metallic tip. 12, 25, 26 At finite temperatures, the conductance measures a density of states smeared by ±2k B T in energy, due to the width of the exponential tail of Fermi function. 12, 25, 26 A smearing of the energy gap observed in tunneling experiments shows up more pronouncedly in spectra measured on a system characterized by a gap size of the same order of ∼ 4k B T. This condition is always found at every temperature in M at larger distance from S. Erroneously, the resulting change of the spectral shape can be mistaken for a temperature dependence of the PL when a metallic tip is used. This claim is supported by calculations of the T-dependence of the differential conductance in the framework of the Usadel theory for diffusive systems, where the mean free path of electrons is short.
1,2,6-8,11,24,27 For simplicity we apply the Usadel equation as given for 0 K. A self-consistent description within a quasiclassical description goes beyond the scope of this work, and we refer to a corresponding review [Belzig et al., Superlattices and Microstructures 25, p1251 (1999) 28 ]. We calculate the DOS of the metallic WL and then apply a convolution with the derivative of the Fermi function, to simulate the tunneling process at finite temperature and obtain the differential conductance spectra. To investigate the influence of the thermal effects on the differential conductance spectra as a function of position on the Pb/Ag wetting layer we use an analytical solution obtained for a one-dimensional superconductor (S)-metal (M) system as reported by Belzig and co-workers. 27 This solution provides a formula which gives the DOS as a function of energy and distance from the S-M boundary. We treat the Pb island as an ideal superconducting reservoir with a constant energy gap ∆ island up to the island edge, whereas on the metallic WL we assume the energy gap is zero, ∆ WL = 0. 7 Without any further pair-breaking mechanism, the proximity length in the WL depends on energy as √ D/E, where D is the diffusion coefficient in M. 7, 8, 27 This description assumes that the proximity length is uniquely given by the electronic properties of the WL. To mimic the effect of the temperature on the tunneling process and to simulate the differential conductance spectra we convolute the DOS of the WL with the derivative of the Fermi function ∂ f (T, E)/∂E, under the assumption of flat density of states of the tip:
The derivative ∂ f /∂E is a bell-shaped function with width ∼ 4k B T and unit area under the curve. For T → 0, the differential conductance is directly proportional to the DOS of the superconductor. At finite temperatures however the differential conductance gives information on a thermally broadened occupation of states. 25, 26 We also include an experimental Gaussian broadening σ = 0.18 mV, which characterizes our experimental setup. The remaining parameter is the diffusion constant D in the WL. We fit D so as to reproduce the spatial dependence of the ZBC at 0.38 K. 7 We obtain the best fit for a diffusivity of D = 1 cm 2 /s, which is more than order of magnitude smaller than in typical metals. 1, 4, 7, 8 In the language of diffusion in bulk metals, this suggests a highly disordered system. We assume a constant D throughout the whole temperature range, since for disordered ultrathin films the main source of electron scattering are the interfaces and structural defects. 29 Our spectra reveal a small dip far from the Pb island edge, as shown in Fig. 1(g) , which is a signature of the electronic properties of the wetting layer. In our calculations the presence of the small dip in the WL is mimicked by a constant function |E| α , where E is the energy. 30, 31 The DOS in the M far away from the island is modified and is given by n 0 = |E| α . The parameter α is extracted from the fit of the experimental differential conductance spectra in the WL 50 nm away from S, and we obtain α = 0.14 ± 0.02.
Results of the calculations are presented in Fig. 4 . The calculated differential conductance spectra as a function of position is shown in Fig. 4(a) . Distance 'zero' refers to the edge of the island at half step height. We simulate spatially-resolved dI dV spectra for the temperatures of the measurements. Next, we proceed with the same analysis employed for the experimental results: we extract the normalized ZBC as a function of distance as is shown in Fig. 4(b) and we perform an exponential fit. In Fig. 4 (c) the calculated (γ calc ; green diamonds) and experimental (γ NZBC exp ; black dots) decay constant as a function of temperature is shown. We observe that the trend of the computed γ calc is in qualitative agreement with the experimental data γ NZBC exp , shown in Fig. 4(c) . The temperature in our calculations is included by the temperature dependance of the energy gap of the island ∆ island and by the convolution of the DOS with the derivative of Fermi function, which accounts for thermal smearing in the tunneling process, and a very favorable description of the experimental data is obtained. This suggests that thermal broadening of the occupation of the electronic states of the tip is an important contribution to the observed temperature effect.
The question arises what is the intrinsic temperature dependence of the PL? Here we investigate an ultrathin two atomic-layer metal connected to a superconducting nanoisland. We expect that here the main source for electron scattering is scattering from the boundaries of the layers, 29 resulting in an extremely short electron mean free path of order several Angstroms. We speculate that with increasing temperature the highly diffusive motion of electrons may induce a temperature dependence of the PL. However, due to the dominant role of scattering at the interfaces, the PL is strongly reduced and a temperature effect is suppressed in our example. This view is corroborated by the measurements with a superconducting tip, where a constant PL is observed upon temperature variation.
In conclusion, we have studied the effect of temperature on the superconducting proximity length by scanning tunneling spectroscopy. We find no difference in the proximity length at 0.38 and 1.8 K in measurements with a superconducting Nb-tip. In the case of ultrathin films studied here scattering at interfaces is dominant, and this is the major factor which reduces the effective Cooper pair penetration length. This example shows that at reduced dimensions on the nanoscale venerable
